Objective: The progression of medullary thyroid cancer is difficult to assess with imaging modalities; we studied the interest of calcitonin and carcinoembryonic antigen (CEA) doubling times and of Ki-67 labeling and mitotic index (MI). Patients and methods: Fifty-five consecutive medullary thyroid carcinoma (MTC) patients with elevated calcitonin levels underwent repeated imaging studies in order to assess tumor burden and progression status. We looked for relationships between tumor burden and levels of calcitonin and CEA and between progression status according to the response evaluation criteria in solid tumors (RECIST) and calcitonin and CEA doubling times, and Ki-67 labeling and MI. Results: The calcitonin and CEA levels were correlated with tumor burden. Ten patients with calcitonin levels below 816 pg/ml had no imaged tumor foci. Among the 45 patients with imaged tumor foci, 19 had stable disease and 26 had progressive disease, according to the RECIST. The calcitonin and CEA doubling times were strongly related to disease progression, with very few overlaps: 94% of patients with doubling times shorter than 25 months had progressive disease and 86% of patients with doubling times longer than 24 months had stable disease. Ki-67 labeling and MI were not significantly associated with disease progression. Conclusion: For MTC patients, the doubling times of both calcitonin and CEA are efficient tools for assessing tumor progression.
Introduction
Medullary thyroid carcinoma (MTC) develops from thyroid C cells that produce calcitonin. Calcitonin is a sensitive and specific marker of the disease and remains detectable in half of the patients after surgery for clinical disease (1) . Clinical recurrences are often found at an early stage because elevated calcitonin levels lead to their compulsive search, and then disease will usually progress slowly with time. Survival after recurrence may, thus, extend over decades (2) . Indeed, as for any tumor, prognosis is related to both tumor burden and progression rate (3) . Assessing these two characteristics in the MTC patients will permit the few patients with an aggressive disease to select for new treatment modalities and to interpret stable disease during treatment (4) .
Assessment of tumor burden requires a combination of multiple imaging modalities because metastases in the MTC patients often involve multiple organs and are often multiple in each involved organ, as recently reported on the present series of patients (5) . Assessment of the progression status according to the response evaluation criteria in solid tumors (RECIST) (6) in these often slowly progressive tumors may be complicated, even if imaging modalities are standardized. Therefore, we sought other indicators of disease progression.
In a given patient, serum calcitonin and carcinoembryonic antigen (CEA) levels are related to tumor burden (7) , though production of these markers may differ between tumors and tumors with low expression of calcitonin and higher production of CEA may be more aggressive (8) (9) (10) . The trend of the calcitonin and CEA levels can be quantified by their doubling times (11) (12) (13) (14) . Circulating calcitonin levels may vary by 30% or even more at short intervals of time. However, because no effective treatment modality was available, many patients even with metastatic disease did not receive any treatment for long periods of time extending over years, and this allowed accurate determination of the calcitonin and CEA doubling times. The doubling times have been related to various clinical outcomes, such as survival rate, time to recurrence, and time between recurrence and death (11, 13) , but so far no relationship has been reported with the progression status assessed on imaging modalities using the RECIST.
Tumor growth depends on mitotic rate, which can be estimated by mitotic index (MI) and Ki-67 labeling on tumor tissue samples, as already demonstrated in many other primary tumors, including other thyroid cancer types (15, 16) . It has been suggested that Ki-67 may be a prognostic indicator in MTC (17) .
Finally, survival in many other primary tumors is related to the level of 2-[fluorine-18]-fluoro-2-deoxy-Dglucose (FDG) uptake (18) (19) (20) (21) (22) (23) . A correlation between FDG uptake and Ki-67 expression was found in MTC patients (24) . However, FDG uptake in MTC patients is usually low and cannot be used to predict the outcome of individual patients (5, 25) .
In the present study on 55 consecutive MTC patients followed at Institut Gustave Roussy, we first looked for relationships between serum calcitonin and CEA levels and tumor burden. Then we assessed the progression status according to the RECIST by comparing standardized imaging modalities performed at a 1-year interval and studied one relationships with circulating calcitonin and CEA doubling times and Ki-67 labeling index on tumor samples.
Patients and methods

Patients
The 55 consecutive MTC patients followed at Institut Gustave Roussy, who had elevated plasma calcitonin levels, were included in the study from January 2005 to August 2006.
Patients had been followed up every 4-12 months since initial treatment and at each visit had calcitonin and CEA determinations. For each patient, all the calcitonin and CEA levels and the day of determination since initial treatment were recorded from the clinical chart. We also recorded all treatment modalities, the date of discovery of a clinical recurrence and its site, and the clinical status at the end of follow-up.
At inclusion in the present study, a complete imaging workup was performed with standardized procedures and included a neck and liver ultrasonography; a bone scintigraphy; a neck, chest, and abdomen spiral computed tomography (CT) scan; a bone and liver magnetic resonance imaging; and an FDG positron emission tomography (PET) scan (5) . This permitted an accurate estimation of the tumor burden in each patient. In the 45 patients with demonstrated lesions, the comparison of imaging modalities performed at an interval of 1 year permitted classification of disease as either progressive, in the case of appearance of new lesions or of an increase by 20% or more of the sum of the diameters of the target lesions, or stable disease, according to the RECIST (6) . No treatment was given during this study period.
The protocol was approved by the scientific review committee of the Institut Gustave Roussy and the ethical committee of Bicêtre. Informed consent was obtained from each patient for the studies on tumor samples.
Methods
Calcitonin and CEA levels and doubling times Plasma calcitonin level has been measured since 1983 using the ELSA-CT kit (Cis-Bio International, Gif-sur-Yvette, France) functional sensitivity was improved from 10 to 4 pg/ml in 2002; normal range !10 pg/ml. This is an IRMA method using two monoclonal antibodies, which are highly specific for calcitonin with no crossreaction with procalcitonin (26) . The standard curve (0-500 pg/ml) is linear from 10 to 500 pg/ml and dilutions were performed for values above 400 pg/ml. CEA was measured using the Enzymun-test CEA kit (Boehringer, Mannheim, Germany; normal !7 ng/ml).
To assess the doubling time of calcitonin and CEA, all determinations were taken into account from 6 to 12 months after initial treatment and until any major therapy was undertaken for a total of 14-240 months (median 78 months). After logarithmic transformation, the calcitonin and CEA levels were linearly related to time, indicating either an exponential increase or a stable level during the study period. To exclude artifacts due to errors in measurement or short-term spontaneous variations, the doubling time was calculated only when at least four measurements were linearly related to a correlation coefficient higher than 0.85. The doubling time was then calculated as the time necessary for an increase in the calcitonin or CEA levels by natural logarithm of 2 (ln(2)) ( Fig. 1 ).
MI and Ki-67 immunostaining
The MI corresponded to the number of mitoses observed in the nuclei on a surface of 2 mm 2 (successive fields) with a 400! magnification in the area with the highest mitotic count. The MI was assessed on histological sections stained by hematein, eosin, and saffran. Figure 1 Plasma calcitonin (Ct) and serum CEA levels in a patient with metastatic MTC followed for 22 years, during which no systemic treatment was given. Note that after logarithmic transformation, there is a linear increase in both calcitonin and CEA levels, in relation to an exponential increase in tumor masses. These data allowed an accurate determination of calcitonin and CEA doubling times.
For Ki-67 immunostaining, the antigen retrieval was performed by incubating the tissue sections three times for 5 min in phosphate buffer (pH 7.3) in 850 W microwaves. Tissue sections were then incubated for 1 h with the anti-Ki-67 MAB (Clone MIB1, Dako M7240, Dako A/S, Glostrup, Denmark) at a 1:75 dilution. The revelation of the staining was performed using the kit DAKO CSA K.1497, and diaminobenzidine (Dako A/S, Glostrup, Denmark) as the chromogen. MIB1 staining was assessed by estimating at a 200! magnification the percentage of positive neoplastic nuclei within the area of highest positivity at low power (100! magnification). A total of 500 nuclei were examined. All homogeneously stained nuclei, even with a light staining or with only a nucleolar staining, were considered positive.
FDG PET scan FDG PET scan was performed on an integrated PET-CT Biograph LSO system (Siemens Medical Solutions, Erlangen, Germany) after the i.v. injection of 5 MBq/kg of FDG, followed by a 60-min uptake phase. Standardized uptake value (SUV) was calculated for each tumor focus larger than 1 cm in diameter. SUV max was extracted automatically using e.Soft tools (Siemens Medical Solutions). In each patient, the highest SUV max was taken into account for statistical analyses. Among the 45 patients with imaged tumor foci, no abnormal FDG uptake was found in 15 patients; in the remaining 30 patients, SUV max was relatively low, being equal to or !2 in 6 patients, ranging from 3 to 4 in 16, and from 5 to 6 in the other 8 patients.
Statistical analysis
Median and range of quantitative variables are presented. Quantitative variables were compared between the different groups defined by disease extension and progression status using Kruskal-Wallis rank test. Correlations between quantitative variables were analyzed by the Kendall t rank correlation coefficient.
Ki-67 labeling and MI indexes and SUV max were analyzed as quantitative variables and were also dichotomized in two classes defined by a threshold equal to the median value. For the calcitonin and CEA doubling times, the threshold was 24 months; this value was close to the median value and was used in previous publications (11, 13) .
Results
Patients
Fifty-five consecutive MTC patients were enrolled in the study, of whom 21 were women and 34 were men, with a median age of 56 years (range 14-83 years). Of these patients, 5 had a multiple endocrine neoplasia (MEN) 2A syndrome, 3 had a MEN 2B syndrome, 4 had a familial MTC, and the remaining 43 had a sporadic MTC. According to the 2002 pathological tumor-node-metastases (pTNM) classification (27) , thyroid tumor was classified as pT1 in 5 patients, pT2 in 14, pT3 in 11, pT4a in 12, pT4b in 9, and pTx in 4; as pN0 in 4 patients and pN1 in 51; and as M1 in 14 patients (in bones in 7 patients, in lungs in 5, and in liver in 8). The median follow-up after initial surgery was 79 months (range 3-309 months), during which 31 patients without initial distant metastases experienced a clinical recurrence. The time between initial treatment and recurrence ranged from 3 to 192 months (median 62 months).
At the time of the study, ten patients had no imaged lesion. The remaining 45 patients had demonstrable tumor foci; in the neck in 33 patients, in the mediastinum in 17, in the lungs in 19, in the liver in 25, in bones in 25, and at other sites in 4. Lesions were located only in the neck or mediastinum in ten patients (in the neck only in eight patients, in the mediastinum only in one patient, and in the neck and mediastinum in one patient) and only at distant sites in nine patients (at one metastatic site in four patients and at two to four metastatic sites in five patients). In the remaining 26 patients, the neck and mediastinum involvement was associated with distant metastases: at one distant site in 7 patients and at two to four distant sites in 19 patients.
In these 45 patients with lesions demonstrated on the first imaging workup at inclusion in the study, comparison of imaging modalities performed at a 1-year interval according to the RECIST showed that 19 patients had stable disease and 26 had progressive disease.
Calcitonin and CEA levels
At the time of the study, plasma calcitonin levels ranged from 21 to 247 000 pg/ml (median 1250 pg/ml) and CEA levels ranged from 1 to 5845 ng/ml (median 37 ng/ml). The calcitonin and CEA levels were related to the number of imaged tumor sites ( Fig. 2 ). In the ten patients with no imaged lesion, the median calcitonin level was 196 pg/ml (range 39-816 pg/ml), and the median CEA level was 11 ng/ml (range 1-33 ng/ml). In the ten patients who had only a neck or mediastinum recurrence, the median calcitonin level was 565 pg/ml (range 191-1440 pg/ml), and the median CEA level was 12 ng/ml (range 1-71 ng/ml). In the 11 patients who had one distant metastatic site, the median calcitonin level was 1510 pg/ml (range 21-6000 pg/ml), and the median CEA level was 37 ng/ml (range 2-927 ng/ml). In the 24 patients who had two to four distant metastatic sites, the median calcitonin level was 18 450 pg/ml (range 276-247 000 pg/ml), and the median CEA level was 531 ng/ml (range 4-5845 ng/ml). Although the circulating calcitonin and CEA levels were highly different between these four groups of patients with different tumor burdens (P!0.0001 and P!0.0001), there was a large overlap in the calcitonin and CEA levels between these groups.
Calcitonin and CEA doubling times
A total of 4-45 determinations (median 14 determinations) were available per patient. The calcitonin and CEA doubling times could not be accurately determined in three or four patients.
The calcitonin and CEA doubling times were highly variable among patients and ranged from 2 to 146 months. The median calcitonin and CEA doubling times were 19 and 25 months respectively. In a given patient, the calcitonin doubling time was not related to the calcitonin and CEA levels, and did not vary significantly during follow-up ( Fig. 1) . They were not related to the locations of metastatic foci or the number of involved sites. The doubling times were calculated using measurements performed before any therapeutic intervention, which might have decreased both the calcitonin and CEA levels. It is interesting to note that the doubling times calculated before and after therapeutic interventions were similar.
The calcitonin doubling time was less than or equal to 6 months in 6 patients, ranged from 7 to 24 months in 22, and was longer than 24 months in 24, among whom it was longer than 60 months in 11. The CEA doubling time was less than or equal to 6 months in 6 patients, ranged from 7 to 24 months in 18, and was longer than 24 months in 27, among whom it was longer than 60 months in 13.
The calcitonin and CEA doubling times could both be determined in 50 patients, and were strongly correlated (Kendall correlation coefficientZ0.53, P!0.0001). In the 24 patients with the calcitonin doubling time longer than 24 months, the CEA doubling time ranged from 3 to 146 months and was shorter or equal to 24 months in four patients. On the other hand, in the 26 patients with the calcitonin doubling time shorter or equal to 24 months, the CEA doubling time ranged from 2 to 61 months and was longer than 24 months in seven patients.
MI and Ki-67 immunostaining
MI and Ki-67 immunostaining were assessed for 33 patients on 8 primary tumors and 25 lymph node metastases. No mitosis was observed in 23 tumor samples, only one mitosis in 5 samples and two to fifteen mitoses (2, 3, 6, 7, 15) in 5 samples. This low MI precluded the search for any relationship with the progression status.
The percentage of cells labeled with Ki-67 was equal to or less than 1 in 13 tumor samples, ranged from 2 to 5 in 7, from 10 to 15 in 6, and was equal to or above 20 (median 30, range 20-90) in 7.
Relationships between studied parameters and progression status
These parameters were then studied in the 45 patients with imaged disease, who could be classified as with either stable or progressive disease. Among these 45 patients, the calcitonin and CEA doubling times could both be determined in 40 patients, Ki-67 labeling index in 24 patients and SUV max in the 45 patients.
The calcitonin and CEA levels were not different between patients with either progressive or stable disease. The median calcitonin level was 1510 pg/ml (range 21-168 000 pg/ml) in patients with stable disease and 1564 pg/ml (range 191-247 000 pg/ml) in patients with progressive disease (PZ0.44). For CEA, the median levels were 37 ng/ml (range 2-5845 ng/ml) and 109 ng/ml (range 1-3763 ng/ml; PZ0.25) respectively.
In patients with progressive disease, median calcitonin and CEA doubling times were 12 months (range 3-64 months) and 12 months (range 2-110 months) respectively; in those with stable disease, they were 48 months (range 13-107 months) and 58 months (range 13-100 months) respectively. The differences were highly significant (P!0.0001), with very few overlaps between the two groups of patients ( Fig. 3) . Patients with concordant calcitonin and CEA doubling times could be reliably classified: among the 17 patients with both the calcitonin and CEA doubling times shorter than 25 months, 16 (94%) had progressive disease, and among the 14 patients with both the calcitonin and CEA doubling times longer than 24 months, 12 (86%) had stable disease. However, 9 (20%) patients had discordant calcitonin and CEA doubling times, 4 with calcitonin doubling times longer than 24 months and CEA doubling times shorter than 25 months, and 3 (75%) of them had progressive disease; 5 patients had a calcitonin doubling time shorter than 25 months but a CEA doubling time longer than 24 months, and 2 (40%) had progressive disease ( Table 1) .
The MI and Ki-67 labeling indexes were not significantly associated with the progression of the disease (Kruskal-Wallis test, PZ0.19 for MI and PZ0.11 for Ki-67). The median Ki-67 labeling index was 10 (range 0.5-60) in patients with progressive disease and 3 (range 0.5-10) in those with stable disease. Out of the 13 patients with Ki-67 labeling index %5 and the 11 with Ki-67 labeling index O5, 8 (62%) and 10 (91%) patients respectively had progressive disease. Ki-67 labeling was associated with the calcitonin (Kendall correlation coefficientZK0.36, PZ0.03) and CEA doubling times (Kendall correlation coefficientZK0.51, PZ0.002). The calcitonin doubling time was shorter than 25 months in 10 (91%) patients with Ki-67 labeling higher or equal to 6 and in 6 (55%) patients with Ki-67 labeling lower than 6. The CEA doubling time was shorter than 25 months in 9 (90%) patients with Ki-67 labeling higher or equal to 6 and in 3 (27%) patients with Ki-67 labeling lower than 6 ( Table 2 ).
The median SUV was 4 (range 0-6) in patients with progressive disease, and 0 (range 0-3) in those with stable disease. The difference was highly significant (PZ0.0009), but there was a large overlap between the two groups of patients. The disease was progressive in 8 (38%) out of the 21 patients with an SUVequal to or lower than 2 and in 18 (75%) out of the 24 patients with an SUV higher than 2. SUV max was correlated with both the calcitonin (Kendall correlation coefficientZK0.31, PZ0.007) and CEA doubling times (Kendall correlation coefficientZK0.32, PZ0.007). The calcitonin doubling time was shorter than 25 months in 8 (42%) out of the 19 patients with an SUV equal to or lower than 2 and in 16 (70%) of the 23 patients with an SUV higher than 2 ( Table 2 ). Finally, among the 9 patients with discordant calcitonin and CEA doubling times, progressive disease was observed in 2 (40%) of the 5 patients with an SUV%2 and in 3 (75%) of the 4 patients with an SUVO2. The knowledge of SUV max did not improve the assessment of the progressive/stable disease status brought by the calcitonin and CEA doubling times.
Discussion
We studied tumor burden and progression status in a series of 55 consecutive MTC patients treated at a single institution. These patients may not reflect the general behavior of the MTC patients since in a tertiary referral center, patients with aggressive disease may be overrepresented. Indeed, among the 45 patients with demonstrated lesions, 26 had progressive disease. A complete imaging study visualized neoplastic foci in all the patients with plasma calcitonin levels above 816 pg/ml, in accordance with the previous studies (25) , and higher levels were associated with larger numbers of tumor foci. However, there was a large overlap between the groups of patients, indicating that the production of calcitonin and CEA differs between tumors. Therefore, in an individual patient, higher calcitonin and CEA should increase the suspicion of distant metastases, but calcitonin and CEA determinations cannot replace imaging modalities.
Serum calcitonin and CEA levels were not related to progressive or stable status of the disease. In the previous studies on the MTC patients, the trends in the calcitonin and CEA levels have been related to clinical kinetic parameters (7) (8) (9) (10) (11) (12) (13) (14) , but no direct relationship with the progression rate assessed on repeated imaging modalities was reported. In the present study, the progressive or stable nature of the disease at an interval of 1 year was assessed using RECIST and this will permit decision on an objective basis of any therapeutic intervention, and to assess the effects of any therapy, in particular in the frame of early controlled trials; this will also permit less aggressive monitoring protocol in patients with long doubling times. The doubling times could be accurately determined by taking into account the measurements performed during long periods of time in the absence of any therapeutic interventions; this allows avoidance of biases due to spontaneous variations in the circulating calcitonin levels at short-term intervals, but implies a sufficiently long-term follow-up of patients in routine practice for months or even years. The progression status Table 1 Relationships between calcitonin (Ct) and carcinoembryonic antigen (CEA) doubling times (DT), standardized uptake value (SUV) determined on PET scan, mitotic index (MI), and Ki-67 labeling determined on tumor samples, and stable or progressive disease according to response evaluation criteria in solid tumors (RECIST). was found to be strongly related to the calcitonin and CEA doubling times, with very few overlaps between the two groups of patients. In the absence of therapeutic intervention, we did not observe patients in whom calcitonin or CEA doubling times changed during the study period. The calcitonin and CEA doubling times were strongly correlated in 80% of patients, and in these patients they represent an excellent indicator of progressive or stable disease: 94% of patients with the doubling times shorter than 25 months had progressive disease and 86% of patients with the doubling times longer than 24 months had stable disease. It is interesting to note that the same cutoff of 24 months was reported in a previous study (11) . The calcitonin and CEA doubling times were discordant in 20% of patients, resulting in non-parallel trends, and progressive disease was observed in five out of the nine patients with either calcitonin doubling times longer than 24 months and shorter CEA doubling times, or with calcitonin doubling times shorter than 25 months and with CEA doubling times longer than 24 months. Therefore, as described previously (11, 12) , both the calcitonin and CEA doubling times should be determined and taken into account to predict the progression rate, as rapidly progressing tumors usually produce rapidly increasing amounts of both calcitonin and CEA, but also in a few cases relatively stable amounts of either calcitonin or CEA but increasing amounts of the other marker. It must be emphasized that even in patients with progressive disease, the doubling times of calcitonin and CEA were much longer than the doubling times of other markers in patients with cancers from other origins, but were similar to the PSA doubling time observed in patients with prostate carcinoma (28) . Indeed, this is in accordance with the prolonged survival observed in the majority of the MTC patients with metastases, despite the absence of effective systemic treatment.
Stable disease
The other studied markers of progression cannot be used to assess progression status in individual patients. MI and Ki-67 labeling were low in the majority of tumors, in accordance with the long calcitonin and CEA doubling times. For this reason, MI or Ki-67 cannot be used as an indicator of tumor growth rate in contrast to what is routinely performed for other tumors (29, 30) . Finally, SUV max was lower in patients with stable disease and long calcitonin and CEA doubling times than in those with progressive disease, but there was a large overlap between these two groups of patients.
In conclusion, the calcitonin and CEA levels reflect the tumor burden, and in the majority of patients their doubling times are closely related to tumor progression. Determination of MI or Ki-67 labeling index or SUV on FDG PET cannot substitute the direct determination of progression according to the RECIST or both the calcitonin and CEA doubling times.
